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ABSTRACT In mammals two meiosis activating sterols (MAS) have been found to activate 
meiotic resumption in mouse oocytes, in vitro. FF-MA S_(4.4-dimeth y1-Srr-rh"^g^-ftJ^,^-tn^ne- 
3£-ol) was extractedjjj^njiuman flu id and T-MAS (4,4^dh^n5^ff 

8,24-diene-3P-ol) from bull testicular tissueTQuite unexp^cteaTEhese two sterols, which introduce 
the cholesterol biosynthetic pathway from lanosterol, may be locally acting substances with im- 
portant physiological function for reproduction. FF-MAS and T-MAS are present in the preovula- 
tory follicular fluid of different mammalian species and have the capacity to initiate resumption of 
meiosis in mouse oocyte cultured in the presence of hypoxanthine, a natural meiosis maturation 
inhibitor. FF-MAS is produced by the cumulus cells of intact oocyte-cumulus complexes upon 
FSH-stimulation and provides the oocyte with a go-signal for the resumption of meiosis. T-MAS 
constitutes the vast majority of MAS found in the mammalian testis and in the human ejaculate; 
in particular a high concentration is found in the spermatozoa. T-MAS may be produced by the 
spermatids and the presence of T-MAS in spermatozoa may suggest that T-MAS plays a role in 
fertilization by affecting the second meiotic division. J. Exp. Zool. (MoL Dev. Evol.) 285:237-242, 

1999. © 1999 Wiley-Liss, Inc. 
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Meiosis is a prerequisite for sexual reproduc- 
tion in animals and is unique to germ cells to form 
haploid, genetically balanced gametes. In mam- 
mals all oogonia enter meiosis early in life and 
are transformed into oocytes when they enter 
meiosis. The oocytes are arrested in the late 
prophase of the first meiotic division, at the diplo- 
tene stage, almost simultaneously with their en- 
closure in follicles together with the granulosa 
cells. Meiosis does not resume until the oocyte- 
follicular unit has grown and reached a certain 
stage of maturity where it can respond to the preo- 

; vulatory surge of gonadotropins, luteinizing hor- 
mone (LH) and follicle stimulating hormone 

; : (FSH), by resumption of meiosis and ovulation. 

; By resumption of meiosis the nuclear membrane 
or germinal vesicle breaks down (GVBD). 

The spermatogonia do not enter meiosis until pu- 
berty. In contrast to the female, only a fraction of 
the spermatogonia embark on meiosis leaving a mi- 
totically dividing stem cell population for recruit- 
ment of new meiotic waves throughout adult life. 

The mechanisms that initiate meiosis in the oo- 
gonia and the spermatogonia are unknown, whereas 
the processes involved in oocyte resumption of meio- 
sis and in later stages of spermatogenesis have been 
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clarified to a certain degree. Generally, gonadotro- 
pins are needed for the production of local intra- 
and extracellular signals that guide the resump- 
tion of oocyte meiosis in the female and the forma- 
tion of spermatozoa in the male. 

In mammals two meiosis activating sterols 
(MAS) have been found to activate meiotic re- 
sumption in mouse oocytes in vitro (Byskov et al., 
'95). FF-MAi ^4,4-diin^ethvl-j 5azcJiolesia^8.14.24- 
triene-3P-ol) was extracted from human preovu- 
latory-follicular fluid and T-MAS (4,4-dimethyl- 
5a-cholest-8,24-diene-3p-ol) from bull testicular tis- 
sue. Quite unexpected, these two sterols, which in- 
troduce the cholesterol biosynthetic pathway from 
lanosterol (Schroepfer, '82), may be locally acting 
substances with important physiological function for 
reproduction (Yding Andersen et al, '99). 

The following sections give a summary of re- 
cent results of studies on MAS, the synthesis and 
localization in the gonads, the relation of MAS to 
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the resumption of meiosis in oocytes and to sper- 
matogenesis, and finally the possible role of MAS 
in fertility. 

SYNTHESIS AND LOCALIZATION OF 
MAS IN THE GONADS 

FF-MAS and T-MAS are synthesized by cyto- 
chrome P450 14a-demethylase (P450-14DM) 
which converts lanosterol to FF-MAS and sterol 
Al4-reductase (A14R) which converts FF-MAS to 
T-MAS (Schroepfer, '82; Aoyoma et al., '86) (Fig. 
1). FF-MAS and T-MAS are isolated from gonadal 
tissue by extraction and chromatographic isolation 
procedures (Baltsen and Byskov, '99). Adult mam- 
malian testes mainly contain T-MAS, whereas T- 
MAS and MAS species are often found in equal 
concentrations in ovaries (Table 1). 

MAS in the ovary 

Both FF-MAS and T-MAS accumulate in preo- 
vulatory follicles of various mammalian species, 
e.g., in human (Baltsen and Byskov, '99) (Table 

1) . FF-MAS in human preovulatory follicular fluid 
is present in concentrations of around 1.3 \xM and 
T-MAS in half of this concentration. In the pu- 
beral mouse ovary FF-MAS is absent or perhaps 
present in low levels but accumulates within a 
few hours in response to an hCG stimulation (Fig. 

2) . It is not certain which cells in the ovary are 
responsible for the gonadotropin induced MAS-ac- 



cumulation. One way to study endogenous syn- 
thesis/accumulation of MAS is to apply compounds 
that interfere with the enzymes involved in the 
synthesis of MAS in the gonadal. tissue._AY9SL44 
is a well-known iiihibitooC^Z^ductase, Jhe^en- i 
zyme which forms cholesterol from its immediate"/ 
preciirsor'i^the^cholestgrol biosynthesis (review/ 
Shefer et al., "'98)rif also inhibits &I4R activity 
thus lowering conversion of FF-MAS to T-MAS \ 
and when added to microsomal fractions of liver , 
cells, cholesterol decreases and FF-MAS accumu-, 
lates (Kim et al., '95). 

Recently, we found that AY9944 stimulates cul- 
tured mouse cumulus enclosed oocytes (CEO) to 
resume meiosis in a dose-dependent manner. In 
contrast, no such effect was observed in cultures 
of naked oocytes (NO) implying that the target 
enzyme(s) for AY9944 are localized in the cumu- 
lus cells (Leonardsen et al., *99). We showed that 
the cumulus-oocyte complex (COC) in fact synthe- 
sized lanosterol, FF-MAS, T-MAS, and cholesterol 
from the sterol precursor mevalonate, and that 
AY9944 caused accumulation of FF-MAS. The af- I 
feet by AY9944 was abrogated when oocytes were 
split from their cumulus cells and joined for co- 
culture. Thus, the physical interaction between 
oocyte and cumulus cells is pivotal for initiation 
of meiotic resumption. 

These and previous studies using FSH stimu- 
lation of CEO (Downs et al., '88; Guoliang et al, 



SQUALEN 



LANOSTEROL 



FF-MAS 




Cytochrome P-450 
14<x-Demethylase 
(P450-14DM) 



A1 4- reductase 
(A14R) 



T-MAS 



4-Demethylase 



ZYMOSTEROL 



CHOLESTEROL 




Fig. 1. FF-MAS and T-MAS are intermediates in the cho- 
lesterol biosynthesis. The cholesterol synthesis from squalen 



over FF-MAS, T-MAS, and zymosterol and the enzymes in- 
volved is shown. Modified from Aoyama and Yoshida CSS). 
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MEIOSIS ACTIVATING STEROLS 

TABLE L MAS -concent rat ion in di fferent tissues and fluids 
Species MAS (ppm) 



239 



Testicular tissue 



; : Testicular tubules 
h Ejaculate 

spermatozoa 

..^ili^Pv^ (CG-treated) 
lp|- " Ovary (not treated) 
Follicular fluid 



Bull >30 

Mouse >30 

Stallion (normal) >30 

Stallion (chryptorchid) 10-1 

Rat >15 

Human <0.5 

Human >2 

Mouse >i 

Mouse <o.l 

Human (preovulatory) 1 

Mare 0.1-0.3 

Pig 0.2 



;^^ : *94; Byskov et al., '97) support the idea that FF- 
jfer MAS is Produced by the cumulus cells, controlled 
^P^ljy the oocyte itself and that FF-MAS may play a 
5 v |||v antral role in oocyte resumption of meiosis. 
HP& Recently another widely used enzyme inhibitor, 
J|||ketokonazole, was reported to have no effect on oo- 
||i » cyte maturation, in vivo in gonadotropin stimulated 
;: rats, or on spontaneously maturing oocytes, in vitro, 
||b whereas the compound affected the ovary by reduc- 
|||i»g the progesterone production (TbafHri et al. '98). 
;Ketokonazole is known to inhibit different cyto- 
chrome P450-enzymes, many of these involved in 
^"gsleroid synthesis, e.g., CYP11A1 (Gal et al., '94), 
|^nd to interfere with certain hormone receptor pro- 
Kleins (Takahashi and Breitman, '92), and to inhibit 
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m FF-MAS 
□ cholesterol 



10UhCG in PBS 



PBS control 



W*:* * ^' * nc * uc ti° n °f MAS accumulation in mouse ovaries 
^ ^ CG - Twelve immature female mice were stimulated to 
*^^^:J^irovation. Forty-two hours later, 2x3 mice were given 
11!^ ovulatory stimulus (10 U hCG in PBS, i.p.) and 2 x 3 mice 
l:::;|^' e given vehicle alone (PBS, i.p.). The mice were killed 5 
III' . r a A« r hCG/PBS treatment and ovaries were prepared and 
||^alyzed for MAS and free cholesterol. 



the enzyme P450-14DM which converts lanosterol 
to FF-MAS (see above). Another study showed that 
P450-14DM increases in rat ovaries after gonadot- 
ropin stimulation (Yoshida et al., '96) and MAS 
accumulates in gonadotropin stimulated mouse ova- 
ries (Fig. 2). The stimulation of P450-14DM by go- 
nadotropins thus opposes an inhibitory effect by 
ketokonazole on this enzyme in the living animal. 
The situation is different when oocytes resume 
meiosis spontaneously without exposure to gona- 
dotropins. A resent study shows that spontaneous 
resumption of meiosis uses different signal trans- 
duction pathways than hormone-induced oocyte 
maturation (Leonardsen, '99. Obviously, further 
studies are needed to understand the physiological 
and cellular mechanisms involved in gonadotropin 
stimulated MAS-accumulation. 

MAS in the testis 

In contrast to the ovary, the vast majority of MAS 
species in the mammalian testis is T-MAS. Whereas 
FF-MAS is only present in trace amounts, T-MAS 
has been measured in concentrations of around 30 
W/g (ppm) testis-tissue of adult bull, horse, man, 
mouse, and rat, as well as in human spermatozoa 
(Table 1). In contrast, MAS concentration (ppm) is 
much lower in human ejaculate, in cryptorchid tes- 
tes of the stallion in which spermatogenesis is 
abrogated, and in follicular fluids of different mam- 
mals. In a preliminary report it was proposed that 
MAS might be involved in initiation of meiosis as 
evaluated by meiotic initiation in male germ cells 
of cultured fetal mouse testes (Byskov and Yding 
Andersen, '95). However, the solubilization and 
transport of these very lipophilic substances make 
it difficult to draw conclusions on the possible role 
of MAS in initiation of meiosis and whether MAS 
is involved in meiotic initiation is still uncertain. 
In the puberal and adult rat testis it was recently 
reported, that postnmeiotic germ cells express P450- 
14DM mRNA and exhibited an elevated level of 
P450-14DM activity (Stromstedt et al., '98). This 
indicates that MAS sterols are synthesized by the 
post-meiotic male germ cells. Taken together, it 
seems that MAS could play a role in spermatogen- 
esis and may therefore be important for male ga- 
metogenesis (Stromstedt et al., '98). 

INTRAFOLLICULAR SIGNALS 
INCLUDING MEIOSIS ACTIVATING 
STEROLS, MAS, INVOLVED IN OOCYTE 
RESUMPTION OF MEIOSIS 

During most of its life the oocyte is maintained 
in meiotic arrest within the follicle. When released 
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from the follicle the fully grown oocyte resumes 
meiosis spontaneously. All cells within the whole 
follicular compartment are interconnected through 
a complex network of gap junctions securing trans- 
port of substances between the granulosa cells, 
cumulus cells, and oocyte. The granulosa cells pro- 
duce different molecules which prevent or delay 
untimely resumption of meiosis, such as cAMP 
(Dekel, '88), purines (Eppig and Downs, '84; Eppig 
et al, '85; Downs, *97), kit ligand (Ismail et al., 
'96). Meiotic arrest may be maintained by such 
meiotic preventing substances transported from 
the somatic cells to the oocyte via the gap junc- 
tional complex. However, none of these substances 
can prevent the effect of gonadotropins on oocyte 
resumption of meiosis in the preovulatory follicle. 
Interestingly, some of these molecules are up-regu- 
lated by gonadotropins, e.g., cAMP (Dekel, '88), 
whereas others are down-regulated as kit ligand 
(Ismail et al., '96). 

The actual trigger of the resumption of meiosis 
in different animals seems to be paracrine hor- 
mones, e.g., progesterone in Xenopus (Schorderet- 
Slatkine et al., 78). In mice MAS activates meiotic 
resumption in vitro (Byskov et al., '95; Gr0ndahl 
et al., '98; Ruan et al., '98). MAS may belong to 
the specific paracrine acting hormones that play 
important roles in meiotic resumption in other 
animal classes. 

In mouse oocytes cultured with hypoxanthine, 
both FF-MAS and T-MAS overcome the inhibitory 
effect of hypoxanthine when added to the culture 
medium and induce resumption of meiosis in a 
dose-dependent way in concentrations between 
0.03 and 3 \M (Byskov et al., '95). Cultured oo- 
cytes arrested with IBMX or dbcAMP are also 
dose-dependently induced to resume meiosis by 
FF-MAS in vitro using concentrations of MAS in 
the similar ranges (Gr0ndahl et al., '98). In a fol- 
licle culture model, FF-MAS in a high concentra- 
tion (60 nM) increased resumption of meiosis to a 
similar degree as LH (Hegele-Hartung et al., '98). 
These authors found a similar effect of MAS in 
an ovarian perfusion model. 

Previous studies have shown that a meiosis pro- 
moting substance is produced by mouse cumulus 
cells of intact COC by stimulation with FSH but 
not LH (Downs et al, '88). In such complexes, FSH 
initiates the production of a heat stable meiosis 
activating substance, suggested to be FF-MAS, but 
only when the contacts between cumulus cells and 
oocyte are kept intact (Byskov et al, '97). 

In mouse ovaries both FF-MAS and T-MAS ac- 
cumulate shortly after gonadotropin stimulation 



(Fig. 2). Since both FF-MAS and T-MAS can in- 
duce a resumption of meiosis it is possible that 
they exert a dditive effects o r substitute one for 
another. ~ * 

The signaling pathways for MAS during oocyte 
resumption of meiosis are not clarified. Presum- 
ably, the mechanism of hormone induced oocyte 
maturation is mediated through a receptor pro- 
tein, although the presumptive MAS receptor has 
not yet been identified. A candidate FF-MAS re- 
ceptor was suggested to be the orphan nuclear re- 
ceptor LXRoc, which is transactivated by several 
oxysterols, including FF-MAS (Janowski et al., 
*96). However, none of these oxysterols were ac- 
tive in inducing resumption of oocyte meiosis ex- 
cluding LXRct as the receptor for MAS (Gr0ndahl 
et aL, '98). In addition, inhibition of transcription 
does not inhibit MAS induced resumption of meio- 
sis in the mouse, ex vivo, which makes it unlikely 
that a nuclear receptor is involved in the cellular 
response to MAS (Ottesen et al., '98). 

MAS AND SPERMATOGENESIS 

In cultured fragments of rat testicular tubules 
containing specific stages of spermatogenesis 
(Parvinen and Ruokonen, *82) T-MAS was mea- 
sured using chromatographic isolation procedures. 
These quantitative measurements revealed that 
tubules containing the spermatogenic stages IX- 
XI contained more T-MAS (around 50 jig/g tissue) 
compared to other stages (II-VI, VII-VIII, XII-I) 
(15-35 ^ig/g tissue) (unpublished). In earlier stud- 
ies we observed that culture media (spent media), 
in which the similar fragments of testicular tu- 
bules had been growing, contained a meiosis in- 
ducing activity which triggered meiosis in germ 
cells of fetal mouse testes after culture in the 
spent media (Parvinen et aL, '82). This bioassay 
showed that the highest activity was extracted 
from stage VII-VIII. Whether the factors) that 
initiated meiosis in the fetal male germ cells might 
be T-MAS is, however, not known. Neither do we 
yet know if T-MAS is involved in triggering meio- 
sis or in other stages of spermatogenesis in the 
adult testis. 

Recently it was discovered that human semen 
contains T-MAS and the major source resulted 
from the spermatozoa. We have estimated that 
each spermatozoa possesses around 1 x 10 6 mol- 
ecules of T-MAS (Baltsen et al., '98). Prelimi- 
nary immunohistochemical results indicate that 
MAS is confined to the head of the spermato- 
zoa in rat. 

That MAS may be produced by the sperm cell 
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£yvas inferred by the above mentioned study of the 
I rat testis in which mRNA for P450-14DM was spe- 
I cifically expressed in round spermatides (Strom- 
f$tedt et al., '98). 
^ §|||f > The function of T-MAS in spermatozoa is not 
n . >;|B|f ".'clarified, but it may play a role in the process of 
te ^ ttSI I- v iertilization and resumption of the second rnei- 
o- : liiff - : *>&c d™ 8 * 011 - 

as POSSIBLE ROLE OF MAS IN FERTILITY 

* e ' '.'13? T - AND CONTRACEPTION 

'e- "if 

al Studies in different species have shown that FSH 

j §;p| > as well as epidermal growth factor, EGF, promote 

lc- oocyte maturation, in vitro and implantation rate 

:X lljg ; : (Morishige et al., '93; Singh et al., '93; Merriman et 

hi lllp 98). In a recent prospective and randomized 

3n IS study comprising 57 women undergoing IVF treat- 

i 0 - IIS:.: meat we observed that addition of FSH and EGF 

tly III *° cu l ture medium during fertilization aug- 

ar 8* merited the implantation rate of human pre-em- 
bryos (Yding Andersen et al., '99). The addition of 
§4; - FSH together with EGF during fertilization resulted 
|P| in accumulation of FF-MAS in the culture media 

es ttort was not seen ^ control media without FSH 

; j s pi;;;:;; , and EGR We suggest that the combined action of 

•a- := ^SH and EGF enhances nuclear and cytoplasmatic 

JS |;;;f:, maturation of the oocyte and fertilization, perhaps 

at ky the endogenous accumulation of MAS. This 
mechanism may mimic the natural situation of the 

ie ) pvi i fallopian tube where fertilization and pre-embryo 

-I) development takes place in the presence of EGF, 

d- S i- follicular fluid containing FF-MAS, and spermato- 

a ) zoa containing T-MAS. Studies on mice also indi- 

u * cate that when oocytes were fertilized after culture 

n . with FF-MAS the fertilization rate increased by a 

TO factor of 2-3 compared to cultures without FF-MAS 

he (Hegele-Hartung et al., '98). In fact, the addition of 

a y the sterol zymosterol, which is an intermediate be- 

ed tween T-MAS and cholesterol, improves the forma- 

a t tion of two-cell-preembryos in an in vitro maturation 

kj. pi and fertilization mouse model (Table 2). 

ve f ^ Prevention of endogenous MAS accumulation 

i 0 _ may result in the failure of fertilization and proper 

he §■ 



pre-embryo development, an action that might be 
used as a contraceptive treatment. If a receptor 
for MAS is present on the oocyte, resumption of 
meiosis may be prevented by the use of MAS an- 
tagonists. If the mature oocyte is the only target 
cell for MAS, the application of MAS-antagonists 
could result in prevention of resumption of meio- 
sis in the mature oocytes. A MAS-antagonist may 
thus serve as a novel contraceptive drug with no 
effects on the steroid synthesis. 

CONCLUSIONS AND FUTURE STUDIES 

Meiosis activating sterols, FF-MAS and T-MAS, 
are present in the preovulatory follicular fluid of 
different mammalian species. Both FF-MAS and 
T-MAS have the capacity to initiate resumption 
of meiosis in mouse oocyte cultured in the pres- 
ence of hypoxanthine, a natural meiosis matura- 
tion inhibitor. FF-MAS is produced by the 
cumulus cells of intact oocyte-cumulus complexes 
upon FSH-stimulation and provides the oocyte 
with a go-signal for the resumption of meiosis. 

T-MAS constitutes the vast majority of MAS 
found in the mammalian testis and in the human 
ejaculate, in particular a high concentration is 
found in the spermatozoa. T-MAS may be pro- 
duced by the spermatids and the presence of T- 
MAS in spermatozoa may suggest that T-MAS 
plays a role in fertilization by affecting the sec- 
ond meiotic division. 

Future studies on MAS will focus on: 

• Molecular mechanisms involved in inter- and 
intra-cellular signaling, including a putative 
MAS-receptor 

• Role of T-MAS in spermatogenesis, fertiliza- 
tion, and early embryo development 

• Role of FF-MAS (and T-MAS) in oocyte re- 
sumption of meiosis 

• Endocrine regulation of MAS synthesis and 
accumulation. 
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TABLE 2. Effect of zymosterol on mouse preembryo 
development to the 2-cell stage from in vitro maturation 
and fertilization of naked oocytes (NO) and 
cumulus enclosed oocytes (CEO) 1 



Zymosterol (ug/ml) 


Control 


0.01 


0.1 


1.0 


NO 


38 


60 


52 


51 


CEO 


75 


91 


70 


76 



hired oocytes. 



Aoyama Y, Yoshida Y. 1986. Evidence for the contribution of 
a sterol 14-reductase to the 14 alpha-demethylation of lanos- 
terol by yeast. Biochem Biophys Res Commun 134:659-663. 
Baltsen M, Byskov AG. 1999. Quantitation of meiosis acti- 
vating substances, MAS, in human follicular fluid using 
HPLC. Biomed Chromatogr (in press). 
Baltsen M, H0yer PE, Wollesen A, Ziebe S, Andersen AN, 
Byskov AG. 1998. Quantitation of meiosis activating ste- 
rols, MAS, in human semen by HPLC and immunocy- 
tochemistry. J Reprod Fertil 21:abstract 26. 
Byskov AG, Yding Andersen C, Nordholm L, Thogersen H, 

Guoliang X, Wassmann O, Andersen JV, Guddal E, Roed T. 

total number of in vitro ma- 1995. Chemical structure of sterols that activate oocyte 

meiosis. Nature 374:559-562. 



242 



A.G. BYSKOV ETAL. 



Byskov AG, Yding Andersen C f Hossaini A, Guoliang X. 1997. 
Cumulus cells of oocyte-cumulus complexes secrete a meio- 
sis-activating substance when stimulated with FSH. Mol 
Reprod Dev 46:296-305. 

Byskov AG, Yding Andersen C. 1995. Initiation of meiosis in 
fetal male germ cells and resumption of oocyte meiosis can 
be triggered by meiosis activating sterols, MAS. J Reprod 
Fertil 5:abstract 25. 

Dekel N. 1988. Regulation of oocyte maturation: the role of 
cAMR Ann NY Acad Sci 541:211-216. 

Downs SM. 1997. Hypoxanthine regulation of oocyte matu- 
ration in the mouse: insights using hypoxanthine phos- 
phoribosyltransferase-deficient animals. Biol Reprod 
57:54-62. 

Downs SM, Daniel SA, Eppig JJ. 1988. Induction of matura- 
tion in cumulus cell-enclosed mouse oocytes by follicle-stimu- 
lating hormone and epidermal growth factor: evidence for a 
positive stimulus of somatic cell origin. J Exp Zool 245: 
86-96. 

Eppig J J, Downs SM. 1984. Chemical signals that regulate 
mammalian oocyte maturation. Biol Reprod 30:1-11. 

Eppig JJ, Ward-Bailey PF, Coleman DL. 1985. Hypoxanthine 
and adenosine in murine ovarian follicular fluid: concen- 
trations and activity in maintaining oocyte meiotic arrest. 
Biol Reprod 33:1041-1049. 

Gal M, Orly J, Barr I, Algur N, Boldes R, Diamant YZ. 1994. 
Low dose ketoconazole attenuates serum androgen levels 
_ in patients with polycystic ovary syndrome and inhibits ova- 
rian steroidogenesis in vitro. Fertil Steril 61:823-832. 

Gr0ndahl C, Ottesen JL, Lessl M, Faarup P, Murray A, 
Gronvald FC, Hegele-Hartung C, Ahnfelt-R0nne I. 1998. 
Meiosis-activating sterol promotes resumption of meiosis in 
mouse oocytes cultured in vitro in contrast to related 
oxysterols. Biol Reprod 58:1297-1302. 

Guoliang X, Byskov AG, Yding Andersen C. 1994. Cumulus 
cells secrete a meiosis-inducing substance by stimulation 
with forskolin and dibutyric cyclic adenosine monophos- 
phate. Mol Reprod Dev 39:17-24. 

Hegele-Hartung C, Lessl M, Ottesen JL, Grndahl C. 1998. 
Oocyte maturation can be induced by a synthetic meiosis 
activating sterol MAS leading to an improvement of IVF 
rate in mice. Hum Reprod 11 abstract 193. 

Ismail RS, Okawara Y, Fryer JN, Vanderhyden BC. 1996. 
Hormonal regulation of the ligand for c-kit in the rat ovary 
and- its effects on spontaneous oocyte meiotic maturation. 
Mol Reprod Dev 43:458-469. 

Janowski BA, Willy PJ, Devi TR, Falck JR, Mangelsdorf DJ. 
1996. An oxysterol signaling pathway mediated by the 
nuclear receptor LXR alpha. Nature 383:728-731. 

Kim CK, Jeon KI, lim DM, Johng TN, Trzaskos JM, Gaylor 
JL, Paik YK 1995. Cholesterol biosynthesis from lanosterol: 
regulation and purification of rat hepatic sterol 14-reduc- 
tase. Biochim Biophys Acta 1259:39-48. 

Leonardsen L, Stromstedt M, Jacobsen D, Kristensen K, 
Baltsen M, Yding Andersen C, Byskov AG. 1999. An inhibi- 
tor of sterol A14-reductase causes accumulation of meiosis 
activating sterol, MAS, and meiotic resumption in cumulus 
enclosed mouse oocytes, ex vivo. J Reprod Fertil (in press). 

Merriman JA, Whittingham DG, Caroll J. 1998. The effect of 
follicle stimulating hormone and epidermal growth factor 



on the developmental capacity of in-vitro matured mouse 
oocytes. Hum Reprod 13:690-695. 

Morishige K, Kurashi H, Amemiya K 1993. Menstrual stage- 
specific expression of epidermal growth factor and transform- 
ing growth factor-a in human oviduct epithelium and their 
role in early embryogenesis. Endocrinology 133:199-207. 

Ottesen JL, Grndahl C, Lessl M, Hegele-Hartung U. 1998. 
The mechanism of action of meioisis activating sterol (FF- 
MAS) on the resumption of meiosis on mouse oocytes cul- 
tured in vitro do not involve transcription. Biol Reprod 
58<suppl 1):223. 

Parvinen M, Ruokonen A 1982. Endogenous steroids in rat 
seminiferous tubules Comparison of the stages of the epi- 
thelial cycle isolated by transiUuminated-assisted microdis- 
section. J Androl 3:211-220. 

Parvinen M, Byskov AG, Andersen CY, Grinsted J. 1982. Is 
the spermatogenic cycle regulated by MIS and MPS? Ann 
NY Acad Sci 383:483-484. 

Ruan B, Watanabe S, Eppig JJ, Kwoh C, Dzidic N, Pang J, 
Wilson WK, Schroepfer GJ Jr. 1998. Sterols affecting meio- 
sis: novel chemical syntheses and the biological activity and 
spectral properties of the synthetic sterols. J Lipid Res 
39:2005-2020. 

Schorderet-Slatkine S, Schorderet M, Boquet P, Godeau F, 
Baulieu EE. 1978. Progesterone-induced meiosis in Xeno- 
pus laevis oocytes: a role for cAMP at the "maturation-pro- 
moting factor" level. Cell 15:1269-1275. 

Schroepfer GJJ. 1982. Sterol biosynthesis. Annu Rev Biochem 
51:555-585. 

Shefer S, Salen G, Honda A, Batta AK, Nguyen LB, Tint GS, 
Ioannou YA, Desnick R. 1998. Regulation of rat hepatic 
3beta-hydroxysterol delta7 -reductase: substrate specificity, 
competitive and non-competitive inhibition, and phospho- 
rylation/dephosphorylation. J Lipid Res 39:2471-2476. 

Singh B, Barbe GJ, Armstrong DT. 1993. Factors influencing 
resumption of meiotic maturation and cumulus expansion 
of porcine oocyte-cumulus cell complexes in vitro. Mol 
Reprod Dev 36:9-17. 

Stromstedt M, Waterman MR, Haugen TB, Tasken K, 
Parvinen M, Rozman D. 1998. Elevated expression of lanos- 
terol 14-alpha-demethylase (CYP51) and the synthesis of 
oocyte meiosis-activating sterols in postmeiotic germ cells 
of male rats. Endocrinology 139:2314-2321. 

Takahashi N, Breitman TR. 1992. Covalent modification of 
proteins by ligands of steroid hormone receptors. Proc Natl 
Acad Sci 15 89:10807-10811. 

Tsafriri A, Popliker M, Nahum R, Beyth Y. 1998. Effects of 
ketoconazole on ovulatory changes in the rat: implications 
on the role of a meiosis-activating sterol. Mol Hum Reprod 
4:483-489. 

Yding Andersen C, Westergaard L, Erb K, Byskov AG. 1999. 
Follicle-stimulating hormone and epidermal growth factor 
augment the implantation rate of human pre-embryos. 11th 
world congress on in vitro fertilization and human reproduc- 
tive genetics. Bologna: Monduzzi. p 33-38. 

Yoshida Y, Yamashita C, Noshiro M, Fukuda M, Aoyama Y. 
1996. Sterol 14-demethylase P450 activity expressed in rat 
gonads: contribution to the formation of mammalian meio- 
sis-activating sterol Biochem Biophys Res Commun 223: 
534-538. 



